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THE .MECHANISM OF ATOMIZATION ACCOMPANYING SOLID lNJECTION

By R. A. CASTIJWAN, Jr.

SUMMARY

A brief historical and ckscriptixe accouni of solid in-
jection is followed by a detuikd review of the acaiikbk
theoreticaland experimental data that seem to throw light
on the mechunism of this form of atomization. It is con-
cltid that this em%%nceindicates thut (1) the atomizuiion
accompanying solid injection oc4xLr8at the surface of tlw
li@d after it isaua as a solid 8treamfrom the or@x; and
(2) that such atomization has a mechunism phywkully
identicu.1wiih the aiomizniim which takes place in an air
8tream, both lwirq d% merely to the formation, at the
ga8-li@d interface, of jiw ligaments under tti in@.8n.ce
of the relatixe motion of gas and liquid, and to their
collupse, unckr the injken.w of surfa~ tension, to form
the drops in the spray. TJnk simple theory, prtily
proposed by tha author, is the most 8ati&r.ctoy and j%
the ob8ers&nM tha best of any y.ti adoarwed. It ti
recommended that use of the term “aiomizaiion” be
restn”ckd to a certain di$nite range, in which its wse is
sound, etynwlogi.cuUyand phy&a.Uy.

INTRODUCTION

In two former papers (references 1 and 2) the
atomization of liquids was treated as a phenomenon
due to the relative motion of gas and liquid at their
interface, this motion causing the formation of liga-
ments of liquid extending into the gas. It was also
shown that these ligaments are sc the that they will
collapse, under the influence of surfa& tension alone,
with sufficient rapidity to account for the observed
sizes of the drops in the atomized spray. Air-stream
atomization only was speciiimlly considered in the
latter paper; satisfactory theoretical and experimental
evidence was presented in that case..

Another method of atomization-apparently the
only other method found useful to date-waa invented
by James McKecbnie (reference 3) in 1910. h this
method, now called for obvious reasons “solid injec-
tion,” the liquid is injected under rather high pressure 1
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into comparatively still air and is thereby finely
wtomized. The spray (see fig. .5) takes the form of a
cone with the orifice as vertex. It has been shown by
the National Advisory Committee for Aeronautics
that this spray is very inhomogeneous as to drop size.

Both methods of atomization (air<tream atmniza-
tion and solid injection) involve a very high relative
motion of gas and liquid at their interface. This
requirement is easily met in the carburetor engine,
which compresses an air-fuel mixture to k temperature
well below that at which it will ignite spontaneously,
ignition being caused by the passage of an electric
spark at the desired instant. Siuce the air may there-
fore be carbureted with atomized fuel before it enters
the engine, all that is necessary is to introduce fuel
~ proper quantity at a constricted section of the
retake air stream.

The compression-iggtion engine, as its nruhe iudi-
catesj depends for ignition on the temperature devel-
oped by the approximately adiabatic compression of
pure air. Hence a very high compression ratio is
needed, ignition being timed by fuel injection, so that
the fuel can only be introduced into the cylinder near
the end of compression. In large, low-speed engines
(for stationwy or marine service) an arrangement
devised by Diesel has been found useful-an air stream
from an auxiliary compressor passes over the surface
of the liquid fuel and into the engine, the fuel thus
being atmnized and inhoduced into the cylinder at
the proper instant.

To adapt this type of engine to automotive uses,
it was desirable to reduce its bulk and weight. An
obvious means of accomplishing this was the elimina-
tion of the air compressor. Since McKechnie’a device
substitutes a compact lightweight fuel pump for the
compressor and offem other advantages for high-speed
operation, it is used almost universally in high-speed
practice. Hence, much interest is attached to the
explanation of the atomization which results from
solid injection.

It was previously suggested (reference 2) that solid
injection seemed to be so similar to air-strerunatomi-
zation as regards relative motion at the gas-liquid
interface that an identical physical mechanism n@ht
be expected. However, it has been pointed out that
in the case of solid injection such forces as those due
to fluid friction in the nozzle passages might deter-
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mine the break-up of the larger mass of liquid. %
it seems important to consider tQ what extent the
theory advanced for h-stream atomization applies
to solid injection.

AVAILABLEDATA

Teobnisohe Hochsohule, Danzig,-lk the experi-
ments performed at the Danzig Technische Hochschule
and reported by Kuehn (reference 4), the liquid -was
forced, at comparatively low pressures (maximum
around 40 atmospheres), into the open atmosphere,
where a sample of the spray was caught on a smoked
glsss plate, weighed, the drops counted, and their
mean size thus found, careful corrections for evapora-
tion, etc., being made. Kuehn also describes the
“atomization” precesa as the injection prwure is
increased from zero to about 40 atmospheres. The
following pointa are of particular interest here.

Descriptive-Atomization.-Jn describing the phe-
nomenon at very low injection speeds, Kuelm says
(reference 4, Technical Memorandum No. 330, p. 40)
that, as the liquid’s speed is gradually increased,
C(* * * a alight fraying of the stream begins.
This effect is produced by the separation of individual
drops at ii.rst, followed by constantly increasing
numbem, until it seems as though the surface were
being peeled off. This peeling continues until the
stream is entirely dispersedin tips. * * *“ This
is in accord with the theory of ligament formation.

Location of stream break—b the injection pressure
was increased, the point at which the jet brcke was
figuratively represented as moving toward the orifice,
but apparently it could not be made to reach the
orifice, even under the most intense pressure available
(about 40 atmospheres). This is required ‘by any
surface theory.

Absolute size of drops.-The mean size found seemed
at that time surprisingly large, the diameter being
about 70 microns at an injection pressure of 40 atmos-
pheres. This value agrees roughly with the trend of
the KEG results obtained at higher injection pressures,
since the mean size approaches the maximum as the
injection pressure is lowered.

Teohnische Hochschule, Graz.—Work done at the
Graz Technische Hocbschule has been reported by
Trieb@ag (reference 5) who, arguing that the friction
of the air and the surface tension of the liquid wotid
cause the solid stream to become unstable, deduced
the size of the resultant droplets in terms of such
quantities as surface tension, air density, coefficient
of friction between air and liquid, effective injection
pressure, etc. Theoretical, as well as experimental
evidence has, however, been produced both by Sass
(reference 6) and
Triebnigg’s work
plete, or both.

by Lee (ref&ence 7) to show that
must be either incorrect or incom-
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Technische Hochschule, Darmstadt.-Wi3ltjen 2 (ref-
erence 8), workng at the Darmstadt Technischo
Hochschule, devised a method for measuring the size
of the drops formed under the approximate conditions
of air density and fupl injection used in the engine.
The liquid was injected into an air-tight chamber which
could be held at any desired pressure. Here it was
“atomized” and the drops caught in a gelrttinous
tanning extract, where they remained approximately
stationary in spherical form while being examined
microphotographically. W61tjen gives rewdts for
various liquids, air densities, injection pressures, etc.,
for both solid injection and “high-pressure” air
atomization.

AUgemeineElektricitWs-Gesellsohaft(AEG).-In cer-
tain experiments performed under the auspices of the
AEG, on which a preliminary report has been made by
Sass (reference 6, pp. 45-49), the sizes of the drops
formed in the solid injection of gaa oil were measured.
W61tjen’s method, slightiy moditied, was used. Curves
were given showing the distribution of the sizes of the
drops 3 and some of these seem particularly apropos in
the present ‘connection:

Absolute size of drops.-The variation in size was
surprisingly great, the largest drops being, in somo
cases, over ten times as large as the smallest. The
diameter of the smalleat drops recorded was about 4
n&rons when an injection pressure of 280 atmospheres
and a chamber pressure of 10 atmospheres were used.
This indicates life periods of the order of from 2 to 6
microseconds for the ligaments from which those drops
were formed, so that these ligaments would collapm
within less then a miUimeter of their origin, whioh is
quite consistent with observations. The collapse of
the ligaments from which the largest drops were form-
ed would require from 120 to 300 microseconds for
similar initial conditions and degree of instability, so
that the ligaments would remain solid for about an
inch. In such cases other factors besides surface
tension might tiect the collapse. It maybe of interest
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to note that Lee (reference 11) has produced evidence
which seems to indicate that a liquid injected at 4,000
pounds per square inch (272 atmosphere) into air at
216 pounds per square inch (14.7 atmospheres) must
be disintegrated in slightly less than 1 inch from the
nozzle. .

Diameters of 7 to 8 microns were found for the
smalleat droplets of gas oil atomizedby solid injection
into air of atmospheric density. The size of these
drops is practically independent of injection pressure.
This compares favorably with the mean diameter of
about 7 microns found by Sauter (reference 12) in the
high-speed air-stream atomization of kerosene, a liquid
of surface tension about the same as that of gas oil.
Since a spray become-s more homogeneous the higher
the relative air speed, it is seen that in Sauter’s observ-
ation the mean would approach the minimum. This
evidence that the size of the atomizo? drops is the same
in the two cases favom a similarity in the mechanism
of their formation.

Eifect of changes in injeotion pressure.-Distri-
bution curves of drop size are given for each of the
injection pressures of 150, 220, 280, and 350 atmos-
pheres, the chamber pressure being held constant at
10 atmospheres. Results reproduced in Figure 14
show that, with each increase in injection pres.sme,
(a) the absolute sizes of the smallest drops formed
remain about constant; (b) there is a decided increase
in the number of small drops formed; (c) the sizes
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of the larger drops decrease. All three results are
consistent with the ligamentiformation theory. The
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smallest drops being truly ‘f atomized” (ii the sense
defied below-) can not. get much smaller when the
relative speed is increased, but more of these will be
formed before this speed drops to a value too low for
atomization. Also, the length of path, over which
this relative speed remains high enough to cause

40
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rnjwnOrl ~=-
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Oharnbarp~ for Cnrva6=5 am (%s Ibs./&4.fm)
Ohamk prwsnrOfor wrvo 7-atmwpherf~

Rw.met !2-De~danco of frwnanay on clmmk pm=ura (S8s$)

l.igamentato be drawn bm the main mass, increases
with the injection pressure, so that the size of the
ligaments which break up into the larger drops, their
life periods, and the size of these drops themselves,
are all decreased.

Effeot of ohanges in air density.-Gas oil was in-
jected at a pressure of 280 sdznosphercs into air
held at pressures of 1, 5, and 10 atmospheres, and
size-distribution curves, reproduced in Figure 2, are
given for the spray produced in each case. These
curves me seen to show consistent decrease .in the
ah of both the smalleat and the largest drops as the
air density is increased, which connotes dependence
of their formation on surface force9.

EEeot of changes in orifhe diameter.-With in-
jection and chamber pressures held constant at the
respective values of 280 and 10 atmospheres, the
ofice size was varied in three steps. While ‘the
results, reproduced in Figure 3, do not indicate any
great change in the absolute sizes of the smallest
drops, they do show that, as the orifice size is decreased,
the small drops become more frequent and the large
drops law frequent. These changes in distribution
indicate that drop formation take9 place at the
surfaca, since the chief effect of decrease in orifice
size is increase in the ratio of surfam to volume of the
jet as it emerges.
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Bureau of Standards.-As the result of work started
in 1921, it was concluded that the mechanism of air-
stream atomization consists merely in the formation
of fine ligaments &der the influence of the relative
motion of gas and liquid at their interface. These
ligaments subsequently collapse, to form the drops in
the spray, under the influence of the liquid’s surface
tension, in a manner indicated in Rayleigh’s analysis.
(Reference 13.) Quantitative check could, however,
only be obtained after the sizes of the ligaments had
been found, and spark photographs by %heubel
(referan~ 14) indicated that, when the relative air
speed is high enough for atomization, the ligwnmnts

Drop diome ter, microns
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collapse so quickly that they can scarcely be observed,
much less measured. It was necessary, then, to esti-
mate the ligament sizesfkom those of the drops observed
in the spray. While satisfactory technique had been
outlined by Sauter in 1926 (reference 15), the drop-
size measurements which he then gave were very
uncertain. In 1928 he reported (reference 12) ex-
tended technique, and gave results of measurements
of drop sizes from which a very definite estimate
could be made of the probable drop size under condi-
tions of true atomization. An analysis of the phe-
nomenon of atomization was then published (refer-
ences 1 and !2) which showed quantitative agreement
with the observations of Scheubel (reference 14).
Ah-stream atomization only was specifically treated,
but it was pointed out that solid injection, in which
the relative motion at the gas-liquid interface is
identical, appeared to have a similar physical back-
ground.

Work of weber,—A theoretical analysis of the dis-
integration of a liquid jet under the iniluence of air
motion has been made by C. Weber. (Reference 16,)
He found that many of his theoretical deductions
agreed with Haenlein’s observations, to which hie
treatment may be regarded as complementary.

Technische Hoohsohule,Dresden—Desoription of pro-
gram.-An investigation of thf3disintegration of small
round jets of liquid launched as solid streams into
the atmosphere is being conducted at the Dresden
Technische Hochschule. The jet velocity is being
varied over quite a wide range in the case of a number
of liquids of different viscosity, thus extending the
work of Rayleigh (reference 13), who investigated
only the effect of surface tension.

Besults.-An interim report, in the form of a disser-
tation, has been made by Haerdein. (Reference 17.)
A series of shadow spark photographs obtained with
gas oil is reproduced in Figure 4. It is seen that tho
relative motion of liquid and air produces a wavy sur-
face, thus causing the m+n jet to become unstable
and hence to disintegrate sooner than it would under
the influence of surface tension only. Although this
effect increases with the relative air apeed and appm-
ently atomization ultimately results at high speeds, it
is to be noticed that there is a distinct step (fig. 4, j)
intermediate between the disinkgration of the whole
stream and its atomization into spray, and that this
intermediate step involves a distortion of the surface
to form elongated threads. While Haerdein’s state-
ment of the problem seems @ indicate that increase
b wavinew is a sufficient explanation of atomization,
it seems important to point out that the complete m-
planation involves the intermediate formation and
collapse of fine ligaments. According to Haenlein, tho
work is to be continued. It is certainly aimed at a
very important phase of the atomization problem—
preatomization phenomena.

Some interesting observations-Relative speed at
atomization.-Haenlein’s pictures indicate that surface
atomization of gaa oil starts at an injection velocity
(see @g. 4) of somewhere between “4o and 73 metem
per seqmd. Scheubel (reference 14) found that ethyl
alcohol with slightly lower surface tension is atomized
in an air stream at about 55 meters per seccmd. These
observations might be taken to indicate a similarity
between air stream atomization and solid injection.

Effect of viscosity of Iiquid.-while Haenlein ob-
tained waviness with all the liquids tested, he was
unable, with the relative speeds available, to obtain
atomization, or even the separation of comparatively
coarse droplets from the surface of the jet, with liquids
of high viscosity such as glycerin and castor oil. This
is to be expected, since high viscosity would seriously
interfere with the growth of a dent in the ligament
surface. In expltig the detachment of droplots
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from the surface of the jets of water and of gas oil,
Haenlein says: “ * ● * with water and gas oil,
due to their small viscosity, the air can not cause the
development of a very pronounced wave form.
Separate liquid particles are thrown off (werden
abgeschleudert),and forma cone-shaped mantle around
the core of the jet. * * *“ If “thrown off” is
changed to “drawn off,” this view of atomization is
seen to agree well with the ligamenhformation theery.
Haerdein, however, gives no positive explanation of
the mechanism of drop detachment.

Pennsylvania State College.-Results of experiments
conduchd at the Pennsylvania State College have been
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developed at all, which would stand on their own feet,
without the continuous support of experiments.

“l?or this reason in the reseuches at the engineering
experiment station it was not attempted to develop a
spray theory. Nevertheless, a few experiments were
made with the purpose of clearing up which physical
forces do or do not participate in the atomization
*** processes The rwults are of sticient in-
terest to merit brief mention.

“The purpose of one experiment was to detenni.ne
whether atomization is due to the friction of jet with
the air. Sprays were injected into an evacuatad
chamber, the air pressure being one-fiftieth atmos-

%~~ S@fl Its@. lu (w mu.); Ohamba W=wllra ahucsphado

b, In&Man pnsme S@I Itq%q. k (MS atrn): Okanhr PrEssmeml IbsJsq. in. (13.6atm.)
FIGURE&—Effa@of alr demd~ on spray formal by soffd Wmtfm N. L 0. A- ~mY Pho~~P~

reported by DeJuhasz (referanca18), who, after review-
ing several atomization theories, says with regard to
the atomization that results horn solid injection:

“The theoretical investigations mentioned refer to
primitive forms of jet under low pressure or have been
evolved, of necessity under drastic simplifying assump-
tions. For oil-engine use the sprays are produced
under complicated conditions to which the theories
mentioned can not be applied directly and, indeed, are
likely to result in misleading conclusions. In view of
the complex nature of the oil-injection sprays it is
doubtful whether sufbiently accurate theor& can be

pheric pressure (about 0.6 in. Hg. abs.), and thereby
the air resistance was reduced to a very low value. In
spite of this it was found that the spray was atomized
and dispersed to approxknately the same extent as
in air of atmospheric density. Further increasing air
density to multiples of atmospheric, however, had the
effect of widening the spray angle, making the dis-
tribution pattern more even, and reducing the pene-
tration. This result seems to be strong evidence
against the suppodion that the atomization and dis-
persion are due solely to air-friction forces.

* * * * * *
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“These evidence lend support to the view that
(under the conditions of oil-engine injection) the liquid
emerges from the nozzle in an already atomized, or at
least disgregated state, that it already possesses the
ability to disperse and, therefore, that in the atomiza-
tion and dispersion process the flow phenomena in the
nozzle are the main influencing factors.”

The opinion of DeJuhasz regarding the place where
the liquid is atomized seems by no means far-fetched,
being derived probably born Diesel’s old form of high-
-pressureair atomization, in which most of the liquid is
atomized within the nozzle. Lee, however, by show-
ing that no measurable change in drop size results from
changes in nozzle design, has proved that other factors
than those introduced by the nozzle must be respon-
sible for the break-up of the jet.

(b) PMn aUz04ncb nGzzle. Mean InjertIon p—, 4,121 lMJw. In. Pasition on
recordA-14

FIOUEE &—Drops inspray formed bysolld injection. N. A. O. A. phOtimi_ph

DeJuhasz implies that effects on cone angle are
crit+wiaof atomization. However, previous N. A. C. A.
observations have shown that measurements of cone
angIe at low-air density are rather uncertain criteria
from which to draw any conclusion, and that it is im-
possible to judge the quality of the atomization from
unmagnified spark photographs of sprays.

National Advisory Committee for Aeronautics
(N. A, C. A.).—This committee has for a number of
yeaxs been conducting, at its experimental laboratory
at Langley Field, a study of the compression-ignition
heavy-oil engine with the object of adapting it to
aeronautic use. Most of the earlier work, however,
was directed at the technology of the utilization of oil
sprays, and only comparatively recently has much

,
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attention been paid to the structure of these sprays.
Some of this later work seems particularly apropos in
the present connection.

Outer form of sprays and effect of air densi~.—
Figure 5 is reproduced from a report by Joachim and
Beaxdsley. (Reference 19.) A “noncantrifugal”
(plain round hole) nozzle with oriiice diameter of 0.022
inch (0.56 mm) was used. Group (a) shows successive
views of a spray of gas oil injected at a pressure of
8,000 pounds per square inch (645 atmospheres) into
the open atmosphwe. The spray is seen to take the
form of a cone with the ori.liceas vertex. The siz~ of
the drops can not be determined bm such photo-
graphs, but a coarse central core surrounded by a thin
veil of drops might be suspected. Group (b) shows
successive views of a spray injected into air at 200
pounds per square inch (13.6 atmospheres) but under
otherwise identical conditions. It is seen that the
cone angle has increased to more than twice the
original value.

Physical structure of sprays.—The National Ad-
visory Committee for Aeronautics has recently con-
ducted some experiments on the physical structure of
the sprays formed by solid injection.

Drop size,-A seriesof drop-size measurements have
been made by Lee (reference 7), using a modification
of W61tjen’s, method. The chief changes in method
were as follows: (1) The spray was directed horizon-
tally, the drops falling under gravi~ to the catching
dish; (2) the catching dish consisted of a smoked glue
plate, the impressions of the drops being recorded
microphotographically. As had been done by W61tjen
and by Sass, chamber and injection pressure were va-
ried over wide ranges. The four nozzles used varied
as regards internal design, oriiice diameter, and length
diametm ratio. A typical record is reproduced in
Figure 6.

Results are given in the form of “atomization
curves.,” with “group mean diameter” as abscissas
and “percentage by number” or “percentage by
volume” as ordinates. The absolute sizes of the
drops, the efbct of changes in injection pressure, and
the effect of change9 in oriiice size were in qualitative
agreement with Sass’s results, mentioned above. Lee
concludes that the iineness and uniformity of atmniza-
tion depends principally (1) on eillux velocity, as
detemnined by injection pressure and by nozzle
design; and (2) on oriiice size. Such factors as internal
nozzle design and air density were found to have,
per se, negligible effects. The conclusion regarding
the effect of air density apperm contradictory to
Sass’s results, but it should be pointed out that the
two methods of measuring drop sizes and of recordhig
results are not directly comparable.

Distribution of fuel.-Rothrock recently reported
(reference 20) the results of studies which throw some
light on the distrib@on of fuel in sprays formed by
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solid injection. He dhected a high-speed stream of sions were obtained from imprwsions in clay, and the
air normal to the axis of a spray injected into the cone dimensions from a spray photograph. Lee also
open atmosphere. As shown in Figure 7, the outer obtained evidence that the core waa composed of

1
—
. II

!!!!
#-i

.Jnfdim p~ ti lku.fsq. fn. (23s am); Ch8mixr pr@sUroaixnmphtio
FImFCS 7.—EITectof air ~ nonnnf to axb of jat (Z.Mto KC ft.-sin, estimated). N. L O. A. spray photographs

veil mm’ easily turned aside, but the core was little
deflected, thus proving that the momentum of the
outer veil is negligible compared with that of the
inner core. Hence a drop in the outer spray has
either a size or a velocity, or both, enormously less
than one in the inner core.

In a well-conceived and carefully executed series of
tests, Lee recently has proved (reference 11) that most
of the fuel is concentrated in the inner core. He
determined the dimensions of the core by directing
the jet against soft modeling clay placed at dMerent
distances from the oriiice and measuring the dimen-
sions of the impressions made. A picture of the core
and of the outer cone constructed from measurements
given by Lee, for an injection pressure of 4,OOOpounds
per square inch (272 atmospheres) and a chamber

t—-’—-’l

It-/-.-fnner core

(From i~ressions

\.l i-- in plosficine)

L .-Oufh7e of ocn’er veil
-- (From pho togroph) ,

o—

In@tkul p~ 4,m M_& fn.
ch.9mlMr pmmI%z161kl@q. fn.

~mRE &—ReeomtrncifonofSpraypktnm fromfm~ fnpktlcfneand from

photczraph (dlnmdons riven hy h)

pressure of about 216 pounds per square inch (14.7
atmospheres), as shown in Figure 8. The core dimen-

discrete drops, by ahowing that the cores of two op-
positely directed jets penetrated each other.

Jet &integration.-Several seriesof magnified spray
photographs, obtained by Leo and Spencer (rofm-
enco 22) shed further light on the manner in which n
solid liquid stream flowing continuously from an ori-
fice breaks up at various injection pressures. Rep-
resentative views of two such jets are reproduced
in Figure 9. The photographs seem to support the
ligamentiformation theory and are particularly inter-
esting in the following respects: (1) They all indicated
ligament formation as an intermediate step in tho
detachment of a small drop from a large mass of liquid,
the ligaments extending from the anatomized mass in
the direction of relative motion and appearing to
decrease in size and length as the relative air speed is
increased, as was shown by Scheubel (reference 14) in
&-stream atomization. (2) While the ligaments per-
sist to much higher injection velocities than wcs found
by Eaenlein, this is to be expected because some air
would be entxained by the continuous spray used by
the National Ad~isory Committee for Aeronautics in
this particular test and the actual relative velocity,
while diilicult to determine, would mrely be less than
in Haenbin’s case. (3) While waviness was obtained,
it is clear from the N. A. C. A. photographs that the
small drops are formed only by means of ligaments
torn from -the main mass, so that Haerdein’s implied
explanation (lot. cit.) seems insufficient.

Universiw of Cambridge.-Flow experiments con-
ducted at the University of Cambridge were reported
by A. L. Bird (reference 21), who showed tliat under
the conditions used in oil-engine injection, the flow in
an orifice of 0.013 inch diameter ia intermediate be-
tween the streamline and the turbulent condition.
This haa suggasted as an explanation of spray forma-
tion the increase in turbulence aa the liquid emerges
from the oriike. That this explanation is insufficient
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is shown by the photographs of Lee and Spencer (refer-
ence 22), for turbulence would be most effective close
to the orifice, whereas the N. A. C. A. investigator-s
observed droplet formation as much as 4 inches from
the orifice.

CONCLUSION

Close examination of the evidence so far produced
shows that much of it supports the tiew that the
atomization accompanying solid injection is a surface
phenomenon. There appears to be littlerdifference in
physical mechanism betvveen a&stream atomization
and that which accompanies solid injection. Both can
be explained by the formation of Iigamenti at the
liquid-gas intmface, under the influence of the refu.iwe
motion of gas and liquid, and by the collapse of these
ligaments under the influence of surface tension.

The difference in results in the two cases can be
attributed to the dhlerence in the way in which the
forces at the interface are constrained to act. In solid
injection it seems to be more difiicult to adjust the
conditions so that the surface of the liquid shall be
continually exposed to an air stream of relative velocity
high enough for atomization. For this reason air-
stream atomization should yield more uniformly line
drops than solid injection.

Much of the existing confusion in the literature is
due to indefiniteness in the use of the term “ atomiza-
tion.” Etymologically, the term implies the formation
of drops so fine as to be indivisible. Such a concept
has a definite physical significance in the case of liquid
jets: while an increase in relative air-liquid speed or-
dinarily results in tier subdivision, a limit to this
fineness may be expected; for a liquid drop becomes
more rigid as its size is decreased. A liquid therefore
may be considered as txuly atomized when the drop
size has reached the limiting value. On the other
hand, s liquid may be considered aa disintegrated
when the drop sizes are larger than the limiting value.

The mechauism of true atomization can be explained
simply by the ligament theory, and in cases where the
time intervals are so short as to preclude appreciable
evaporation, it is diflicult to picture any other mechan-
ism for atomization. While the ligament theory is
applicable to many cams of disintegration, it is not
necessarily a complete explanation, for other factors
may enter to cause the formation of large drops.

BUREAU OF STANDARDS,

WASHINGTON, D. C., Janua~ 6, 19W.
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AERONAUTICAL SYMBOLS

1.FUNDAMENT AL AND DERIVED UNITS

+ ,

Meir’io

symbol
unit symbol unit Symbol

.Length------- 1 metir-.-------l--------
Time__--_-

m foot (or rifle) --------- ft. (ormi.)
wend -----------------

Force -------- $ weight of one I.dograw- &
seaond (or hour)____ see. (orhr.)
weight of one pound --- lb.

Power -------- P k~m/s----------------- _i-i ----- horsepower ----------- hp

{Sped ------------------ ------------------- ~-b---------------- m. p- ~
4s-------------------- &p.i ft./eeo ---------------- f. p. s.

w,
9)

m,

PY

2. GENEILU SYMBOLS, ETC.

Weight =mg ml&,Momant of inertia (iidicate axis of the
!%andard acceleration ofgravity=9.80665 radius of gymtion k, by proper sub-

m/sg= 32.1740 ft./seo.2 script).

Mas+
s, h.
s., Wing sxea, ei%

Density (mass per unit volume). Q, Gap.
Standard density of dry air, 0.12497 (kg-m+ b, Span.

Sa) at 15° C. snd 760 mm= 0.002378 C, @OId.

(lb.-ft.+ see?). &

$peciiic weight of “standard” air, 1.2255 E
) Aspect ratio.

kg/m’ =0.07651 lb./ft?. p, Coefikient of viscosity.

v,

%

L,

D,

DO,

Di,

Dp,

0,

R,
‘L,

if,

8. AERODYN.4MICALSYMBOLS

‘l+ue’air speed. Q, Resultant moment.

Dynamic (or impact) pressure=~p~.
~, Resultant an@ar V~OCi@.

T =W, Re.ynokls Number, where 1 is a linear
. -P

‘t’ absO1ub‘effiamtc-’-g%
Drag, absolute COOffiCkt ~D -$

Do
Profle drag, absolute C00f6Gi0nt~Do=fi

Induced @, absolute coefficient cD~=~ ~

PJ

Parasite drag, absolute C00f6CbIN3 uDp”~~

Crcm+wi.nd force, absolute coticient ~,

co-g %
~oj

Resultant force.
&@e of setting of wings (relative to ~,

thrust line).
Angle of stabiliz~ setting (relative to ~

thrust line).

dimension.
e. g.~ for a model airfoil 3 in. chord, 100

nm/hr. normal pressure, at 15° C.j the
corresponding number is 234,000;

or for a model of 10 cm chord 40 m/s,
the corresponding number is 274,000.

Center of presmne coefficimt (ratio of
distsnce of c. p. from leading edge to
chord length).

hgle of attack.
Angle of downvvash.
@le of attack, i.rdnite aspect ratio.
hgle of attack, induced.
Angle of attack, absolute.

(Measured from zero lift position.)
Flight path sngle.
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Po6itive directions of ~~ and anglea (forces and moments) aro shown by

Axi13

}

vDesignation ~-

Lo3it#iIy- $
- ----

Normal ------ Z

Momentabout4

rolling----- L Y- z
pitc+g___ h’f z- x
yawmg---- N x— Y

Angle I Velooitiea

roll ----- + u P
pitch___ 8 v

+
9

yaw----- w r

Absolute eoeflieients of moment Anzle of set of control surface (relative to neu-
a position), 8. (lndicrke s&fwe by proper
subscript.)

4. PROPELLER SYMBOLS

D,
P,
p/D,
v’,
v*,

T,

Q>

Diameter.
Geometric pitch.
Pitch I13ti0.

Inflow Velocdm.

.P, Power, absolute coefficient UP= ~&

P
CS, Speed power ooefitient= 6 ~~.

slipstream veioci~. ~, Efficiency.

Thrust, absolute Come.ient oT=m~
n, Revolutions per second, r. p. s.

Q ()
@, Ei7ective helix angle -tan-l &

Torque, absolute coefficient @~

1
1
1
1

hp =76.04 kg/m/s= 550
l&/m/s= O.01315hp
mi./hr. = 0.44704 m/s
m/s =2.23693 roi./hr.

5. NUMERICAL RELATIONS

lb./ft./see. 1 lb. =0.4535924277 kg.
1 kg=2.2046224 lb.
1 mi. = 1609.35 m= 6280 ft.
1 m=3.2808333 ft.
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